The study presented described the influence of temperature as well as pH on phenol adsorption (and the adsorption kinetics) on to three unmodified commercial carbons. The first section of the paper provided a description of the characterization of the carbons employing the most sophisticated method of carbon porosity characterization at present available, i.e. the method of Do and co-workers (the ND method). It was then shown that the ND method leads to the same results as the Density Functional Theory (DFT). The TPD results for D43 1, WD and AHD carbons were then presented and discussed with deconvolution of the peaks being performed. The results obtained together with those already published led to an assignment of the chemical structures of the surface functionalities for all the carbons studied. Thermogravimetric analysis of phenol adsorption indicated that the number of molecules bonded chemically was small.
INTRODUCTION AND AIMS OF THE STUDY
The adsorption of phenols on carbons is a very important subject, especially from the ecological point of view. For this reason, an enormous number of papers have been published in this field. Radovic and co-workers (2001) reviewed this subject recently. These authors pointed out that the main regularities associated with the adsorption of phenol on carbons may be listed as follows:
1. A decrease in adsorption is usually observed with increasing surface acidity (as measured by the Boehm titration method) and surface oxidation. 2. Problems are encountered in determining attainment of true equilibrium. 3. Chemisorption is inhibited by the presence of oxygen surface complexes. Hence, the sites responsible for phenol chemisorption are sites with an active surface area, i.e. oxygen-free sites located at the edges of the graphene layers. 4. In contrast, physisorption occurs on the entire surface. 5. Oxidative coupling in the presence of molecular oxygen causes irreversible adsorption.
The above-mentioned authors also pointed out the importance of papers by Coughlin and Ezra (1968) , who established that the adsorption of phenol decreased after carbon oxidation. They also suggested that surface oxygen complexes increased the affinity of water to the carbon and hence solvent molecules could effectively block some micropores. Magne and Walker (1986) suggested that phenol adsorbs by physisorption and chemisorption, but they did not define the mechanism of adsorption. Mattson and co-workers (1969) , Kipling (1967) and Puri (1970) emphasized the important role of surface carbonyls (interaction of the -electrons of the benzene ring with the partial positive charge of the carbonyl carbon atom) in the adsorption of phenol and benzene. Coughlin and Ezra (1968) suggested that oxygen chemisorbed on carbon appeared to influence phenol adsorption only at low concentration, when the molecules are thought to be adsorbed parallel to the surface due to non-polar forces operating over the entire phenol molecules. At higher concentrations, phenol molecules are probably adsorbed in the vertical or 'end-on' position due to intramolecular interaction with the hydroxy groups directed away from the carbon surface. Under these conditions, surface oxygen has little influence on phenol adsorption. They also suggested that the decrease in phenol adsorption after oxidation may be related to the removal of electrons from the -electron system of the basal planes as a result of oxygen chemisorption. They pointed out that the adsorption of phenol takes place between the phenol aromatic ring and the -electron system of the carbon basal planes.
In their paper, Radovic et al. (2001) pointed out two possible factors influencing the mechanisms of phenol adsorption on carbon. Citing the papers of Coughlin and Ezra (1968) and Mattson and co-workers (1971) , they suggested that the mechanism of phenol adsorption was determined by so-called ' -interactions'and 'donor-acceptor complex'formation. The first factor assumes that oxygen atoms bound to the carbon surface reduce the -electron density and weaken the dispersion forces between the ring -electrons of phenol and the -electrons of carbon. The second factor suggests that the adsorption mechanism is based on the formation of donor-acceptor complexes between the surface carbonyl groups (electron donors) and the aromatic ring of phenol acting as the acceptor. The decrease in phenol adsorption after carbon oxidation can be equated to the oxidation of surface carbonyls (Mattson and Mark 1971) .
In the current study, the author has essentially paid attention to some papers omitted from the very important review of Radovic and co-workers (2001) . Thus, special attention has been paid to the study suggesting details of the mechanism of phenol adsorption (and the kinetics of this process), including the effect of irreversibility. Thus, Beljakova et al. (1966) studied the effect of substitution of the benzene ring on the enthalpy of phenol adsorption on graphitized carbon black at 'zero' coverage. They showed that the substitution of hydrogen in the benzene ring by an -OH group increased the potential energy of interaction between the phenol molecule and the surface of graphitized carbon by ca. 15 kJ mol, while substitution by an -NH 2 group increased this value by ca. 14 kJ mol. The study of Jankowska et al. (1986) paid attention to the role of basic groups in phenol adsorption, demonstrating that they play a dominant role in this process. These workers also pointed out that the increase in the ratio of the immersion heat of carbon in benzene to the immersion heat in water leads to an increase in phenol adsorption.
For this reason, their study is of extreme importance with respect to the adsorption mechanism of phenol on carbons. The authors concluded that the micropore volume of the carbons limits phenol adsorption, and the actual position beneath this limit is determined by their acid-base characteristics. This conclusion is very important for the current study and, as shown below, is the main fundamental of the detailed mechanism proposed for phenol adsorption. In support of the above study, Koganovski et al. (1987) also pointed out that, at low equilibrium concentrations, it is not just the pore volume of the carbon that determines the extent of phenol adsorption, but also the ratio of the acidic basic group concentration. If this ratio is larger, the adsorption is lower.
The results of Koganovski and co-workers were also confirmed by Tarasevich and Rak (1988) who showed that modification of coal with the introduction of basic surface sites favours the adsorption of weak acids in the micropores. Speculations were also made about the role of surface functionalities in phenol adsorption on carbons at infinite dilution. Biniak and co-workers (1989) studied phenol adsorption isotherms on different carbons, paying attention mainly to the correlation between the adsorption and acidic properties of the carbon surface. However, a linear relationship between these two values was only possible if it was assumed that acidic groups make different contributions to the reduction in phenol adsorption. They also pointed out a very important factor in the conclusions arising from the current study, viz. that moderately and slightly acidic groups are the most important ones influencing the mechanism of phenol adsorption on carbons.
Through an application of FT-IR spectroscopy, Zawadzki (1989) showed that oxidation of the carbon surface does not always lead to a decrease in phenol adsorption. In contrast to others, he showed that phenol uptake increased after oxidation. He explained these results by suggesting that surface oxidation increases the binding energy between the phenol molecule and the carbon surface. The interaction with the surface is partially specific and occurs via participation of the -electrons of the adsorbed molecules, the main role being played by hydrogen bonding between the phenol molecule and surface oxides. He concluded that competition between water and phenol molecules in adsorption on surface active sites is negligible and cannot result in a decrease in phenol adsorption after oxidation with nitric acid. Calleja and co-workers (1993) compared the different models of diffusion and showed that pore diffusion and linear models provide a satisfactory description of the kinetic adsorption curves of phenol on carbons.
The type of study performed by Halhouli and co-workers (1995) , where the effects of temperature on phenol adsorption were studied, is one rarely met with in the literature. They showed that a decrease in the pH value has no effect on the adsorption capacity of charcoal (unspecified by the authors), and that an increase in temperature led to an increase in phenol adsorption. Singh and co-workers (1996) pointed out the role of hydrogen bonding between phenolic hydrogen and chemisorbed oxygen present in the form of oxygen surface groups. They also calculated the diameter of the phenol molecule as being equal to 0.62 nm. It is interesting to point out that computer simulation studies of liquid phenol by Mooney et al. (1998) led to a corresponding value of 0.6 nm for this diameter. Loughlin and co-workers (1996) reported differences in the kinetics of phenol adsorption on carbons performed in the presence or absence of oxygen, and proposed a subsequent model. They suggested that the kinetics involved the pore and surface diffusion of phenol molecules with the corresponding reaction between phenol and oxygen being first order. They explained the results obtained as follows. Both oxygen and phenol molecules diffuse to the surface of the carbon and are adsorbed. A reaction catalyzed by the carbon surface then occurs. If the order is assumed to be first, dissociation of the oxygen molecules occurs before reaction with phenol. In contrast, if the order is second, the adsorbed oxygen molecules react directly with the phenol molecules. Abuzaid and Nakhla (1997) have continued studies on this subject and showed that an increase in temperature leads to an increase in the rate of adsorption as well as phenol polymerization. They determined the diffusion energy as ca. 15 kJ mol, i.e. of the same magnitude as that determined in the present study. Barton and co-workers (1997) studied the effect of chemical heterogeneity on phenol adsorption. They showed that the adsorption data could be well fitted by the DR equation and that the characteristic adsorption energy values ranged between 19 kJ mol and 22 kJ mol. Their studies supported the results obtained previously by Singh (1971) and showed that phenol and aniline are more strongly adsorbed (from water) by a basic carbon relative to an acidic carbon. They explained this by suggesting that the process
of phenol adsorption via hydrogen bonding with acidic surface sites should be accompanied by the energetically unfavourable water-phenol bond-breaking process. Thus, adsorption takes place mainly by the formation of electron donor-acceptor complexes between basic sites (principally, -electron-rich regions on the basal planes of the carbon and the aromatic ring of the adsorbate). It would appear, however, that further adsorption occurs by pore filling. The presence of water adsorbed by oxygen groups decreases the adsorption of phenol.
An increase in phenol adsorption after the oxidation as well as the alkylation of coal was demonstrated by Jaoui et al. (1997) .
A very interesting study on the adsorption of phenol and benzene on to zeolites was recently performed by Klemm and co-workers (1998) . They showed that the most important interactions in phenol adsorption involve Na cations and are coulombic in nature. An interesting study on the adsorption of phenols by Dargaville and co-workers (1996) indicated the role of solute-solvent interaction. Laszlo and co-workers (1999) pointed out that water molecules as well as phenol are present on the surface. Hence, competition between them should be taken into account in calculations of the cross-sectional area of adsorbed phenol. Moreover, some pores may be inaccessible to adsorbed phenol-solvent aggregates.
Nevskaia and co-workers (2001) have recently published further interesting results. They showed that, for non-oxidized carbon, the mechanism of adsorption is based mainly on the interaction between -electrons in the phenol molecule and the -electrons of carbon. After oxidation, donor-acceptor complexes arise between basic surface oxygen groups and the aromatic ring of the phenol molecule. A study of the kinetics of phenol adsorption performed by the same group (Nevskaia et al. 1999) showed that diffusion within the porous structure controlled the adsorption rate for unmodified carbon, while adsorbate-surface interaction provided the controlling step for oxidized carbon. In the latter case, a shorter time was required to reach the adsorption equilibrium compared to the original carbon.
Regardless of the enormous number of studies undertaken, it can be seen that a detailed investigation still needs to be undertaken regarding phenol adsorption on carbon. The main problems still remaining unresolved are as follows:
1. The role of porosity. Some authors have suggested that phenol adsorption is mainly controlled by the porous structure of the carbon, whereas others disagree with this view. A partial solution to this problem was suggested recently on the basis of a study of paracetamol adsorption (Terzyk 2002a,b) . It was shown that the data obtained were well described by the DA equation, the fit between the micropore volumes determined from the paracetamol and nitrogen adsorption data increasing with an increase in temperature . This confirmed the decreasing role of the chemical composition of the carbon surface in paracetamol adsorption with increasing temperature. Thus, generally, the effect of the chemical composition of the carbon surface on adsorption from solution is a function of the temperature, mainly due to the strong decrease in the adsorption of water with increasing temperature (for the carbons studied).
There is no correlation between phenol uptake and the total surface area of carbons and
details of the role of surface functional groups in phenol adsorption still remain unresolved. Although different general mechanisms of phenol adsorption have been proposed, there is still a lack of a general adsorption mechanism which takes account not only of the presence of a 'micropore-filling' process, but answers the question of exactly which types of surface functional groups influence the extent of phenol adsorption below the limit of micropore filling mentioned above.
The irreversibility of phenol adsorption on carbons is a fairly well-established fact.
However, the detailed mechanism of this process, as well as the well-documented question of what types of surface functional groups are responsible for this process (and why), still remains unanswered. 4. To date, the influence of the surface functional groups on the kinetics of phenol adsorption has not been determined, i.e. it is not known what type of surface functionalities determine the kinetics of adsorption of this compound.
The results of the present study are considered supplementary to others published recently. Thus, recent work with a series of chemically modified D43 1 carbons has shown that some correlations exist between parameters characterizing the chemical composition of a carbon surface and phenol adsorption . Since chemical modifications of the D43 1 carbons were performed in such a manner that the porosity remained virtually unchanged, the influence of porosity and or pore connectivity was not important in correlations of this type. It was possible that the additional data obtained in the present study for adsorbents differing in origin, chemical composition of the surface layer, porosity, pore connectivity and other parameters could have had a negative effect on the correlations obtained previously. For this reason, the author wished to find an answer to the question as to how general these correlations were, i.e. which of them could be extended to different carbons regardless of their origin and porosity.
EXPERIMENTAL

Materials
Analytically pure phenol (Reactivul Bucaresti, Hungary) was used for the preparation of the initial stock solution (pH 6.80). Dilution of this solution (to give a pH equal to 7.0) allowed 20 bottles containing phenol to be prepared. The value of the pH was adjusted to 1.50 through the addition of conc. HCl for measurements conducted under acidic conditions and was controlled by means of a digital pH meter. Three 'commercial' activated carbons, i.e. D43 1 (Carbo-Tech, Essen, Germany), WD and AHD (Hajnówka, Poland), were used as adsorbents. They were de-ashed using the procedure of Korver . Some characteristics of these carbons have been described previously (Terzyk , 2000a (Terzyk ,b, 2001 Terzyk and Rychlicki 2000; Terzyk and Gauden 2002) . A detailed description of the de-ashing procedure as well as the effect of de-ashing on the porosity has been given previously Kowalczyk et al. 2002b) . To evaluate the porosity of the carbons more thoroughly, pore-size distributions of the studied samples have been calculated in the present work using the method of Nguyen and Do (ND) (see below) and low-temperature (77.5 K) nitrogen adsorption isotherms determined previously.
Characteristics of the carbons employed
Porosity
The differential pore-size distributions (PSD) of the carbons employed in the current study were calculated applying the recently published method (ND) of Nguyen and Do (Nguyen and Do 2000; Do and Do 2002; . The fit of the local nitrogen adsorption isotherms of the ND method to the experimental data was performed using the newly reported ASA algorithm Kowalczyk et al. 2002b Kowalczyk et al. , 2003b . This algorithm seems to be the most promising of procedures advanced to date for the characterization of the energetic and or structural heterogeneity of solids. It is simple, fast and leads to more reliable results compared to different methods (for example, INTEG and CONTIN) proposed by others for solving the Fredholm integral equation of the first kind. Its properties, as well as its application for the description of experimental data, have been demonstrated elsewhere Kowalczyk et al. 2002b Kowalczyk et al. , 2003b Gauden et al. 2003) . A comparison of the ND method with recently published results of the DFT procedure is also given below.
Thermal behaviour
The TPD-QMS experiments were carried out using a flow reactor coupled to a quadrupole mass spectrometer (Dycor MA200, Pittsburgh, PA, USA), following a procedure similar to that described by others (Szymański et al. 2002) . Any differences were in pretreatment of the sample as well as the use of a slower temperature increase during the experiments. To avoid the physisorption of water, all tubing and connections were heated to 383 K (10 K min) and maintained at this temperature for 3 h. Dry and finely ground carbon samples (0.23 g) were heated at a rate of 5 K min to 1073 K in a He stream (25 ml min, with He being frozen in liquid nitrogen and purified to eliminate nitrogen, oxygen and water). The temperature and selected mass signals (1, 2, 12, 14, 16, 17, 18, 28, 32, 44, 48 and 64 amu) were monitored at 25-s intervals. Deconvolution of the TPD peaks was performed using the Gauss function (GF) following the procedure of Nevskaia et al. (1999) and Figueiredo and co-workers (1999) . However, an attempt was also made by the author to perform a fit by applying the Lorentz function (LF), since some peaks (for example, the SO 2 evolution peaks) were described successfully by this type of function. Generally, application of the LF led to slightly worse fits for the CO 2 peak (the difference in the determination coefficients after such a fit being close to 0.02). Hence, the GF was applied in this particular case. For all the other cases described in the current study, i.e. CO and SO 2 evolution, the LF was applied.
However, it should be noted that the results of the deconvolution procedure were not accurate in the case of CO evolution since the spectra were measured only up to 1073 K.
Electrical resistance
Measurements of the temperature dependence of the electrical resistance (R) of the carbons were performed using the procedure described recently (Lukaszewicz et al. 1982; Terzyk et al. 2003) . Such data were measured at 310 K and 320 K, respectively, and together with those already published ) (determined at 300 K) led to a value for the temperature dependence of R.
Adsorption desorption of phenol
Thermal analysis
The same procedure as described previously for acetaminophen (paracetamol) ) was applied to phenol in the current study. Thus, phenol was adsorbed from ethanol solutions employing an equilibration time of 7 d. A detailed description of the experimental procedure may be found in a recently published paper .
Analytical method
The widely applied procedure of determining paracetamol concentrations based on Beer's law calibration plots was applied, using a JASCO V-550 (Japan) UV-vis spectrophotometer. Thus, the maximum absorption wavelength in neutral and acidic solutions was determined as 270 nm and 269 nm, respectively. Then a calibration plot was constructed from, on average, 30 absorption versus concentration points. This calibration was repeated five times during the course of the measurements. Linearization of this plot usually provided a determination coefficient close to 99.97%.
Adsorption desorption isotherms
The procedure for measuring the adsorption desorption isotherms and the measurement error were the same as described previously for paracetamol (Terzyk and Rychlicki 2000) .
Enthalpy of immersion in phenol solution
The enthalpies of immersion in water, in HCl and in phenol solutions (at both pH values) were measured for each carbon sample at 310 K using a Tian-Calvet isothermal calorimeter constructed in our laboratory (Terzyk and Rychlicki 2000) . The initial concentration of the phenol solution employed was 0.08 mol dm 3 , i.e. the enthalpy of immersion in solution was measured at the maximum phenol concentration used for the adsorption isotherms. Carbon samples were desorbed in the same way as for adsorption measurements [see Terzyk and Rychlicki (2000) ]. Each measurement was repeated at least three times, the experimental error being 1.50 J g.
Measurements under anoxic conditions
Such measurements were performed in an oxygen-free atmosphere applying the method described by Grant and King (1990), the only difference being that argon was employed rather than nitrogen.
The equilibration time was the same as for adsorption under oxic conditions. Only one adsorption point (i.e. at the maximum phenol concentration applied in the adsorption measurements; initial concentration, 0.08 mol dm 3 ) was measured for each isotherm. Each measurement was repeated at least twice.
Kinetics of phenol adsorption
The procedure employed for measurements of the kinetics of adsorption (paddle agitator at 60 rpm) and the measurement error were the same as described previously for paracetamol Terzyk et al. 2003) . Each measurement was repeated at least twice. Figure 1 shows the PSD as determined for the series of carbons studied employing the ND and DFT methods, respectively (Seaton et al. 1989; Lastoskie et al. 1993) [INTEG algorithm (Von Szombathley et al. 1992) ]. The results confirm the conclusions of our recent studies (Kowalczyk et al. 2003b ) that the DFT and ND methods lead to almost the same PSDs irrespective of the type of carbon material studied, and can therefore be treated as equivalent.
RESULTS AND DISCUSSION
Carbon porosity from the ND method; comparison of the DFT and ND results
TPD spectra
The TPD spectra for CO 2 evolution from the samples studied are depicted in Figure 2 (the intensity of the corresponding peak being the smallest for the WD carbon). Three groups of sub-peaks were obtained from each spectrum after deconvolution. The first group (470-560 K) observed for all three carbons may undoubtedly be attributed to the decomposition of surface carboxylic acids (Nevskaia et al. 1999; Figueiredo et al. 1999; Haydar et al. 2000; Rodriguez-Reinoso and Molina-Sabio 1998) , this peak being caused by the decomposition of single carboxyls. The second group observed in the temperature range 760-790 K resulted from anhydrides (Figueiredo et al. 1999; Haydar et al. 2000; Rodriguez-Reinoso and Molina-Sabio 1998; Moreno-Castilla et al. 1995; Zhuang et al. 1994a,b; Puente et al. 1997) . Finally, the sub-peaks in the temperature range 1010-1080 K may be assigned to quinones resulting from the Boudouard reaction (Figueiredo et al. 1999) .
A similar intensity was observed for the sub-peaks arising from surface carbonyls with the D43 1 and AHD carbons. These were the main groups present on the surfaces of the carbons studied. The intensity of the sub-peaks resulting from anhydrides was greatest for D43 1, while the sub-peaks assigned to quinones were most intense for the D43 1 and AHD carbons. These results are in agreement with recent electrochemical studies ) and demonstrate that, for the two carbons concerned, this type of surface structure controls the value of the potentiometric response (E s ). Figure 3 presents the spectra for CO evolution. Again, at least three groups of sub-peaks can be distinguished. The first group (located at ca. 840 K) was caused by anhydrides (Nevskaia et al. 1999; Figueiredo et al. 1999; Zielke et al. 1996) (this peak was also present in the spectra of the WD and AHD carbons), the second group (present for all carbons) was in the range 875-950 K and caused by anhydrides and phenols (Nevskaia et al. 1999; Figueiredo et al. 1999; Zielke et al. 1996) , and finally the third group (980-1070 K) was caused by carbonyls (Figueiredo et al. 1999; Zielke et al. 1996; Zhuang et al. 1994a ). Generally, the intensity of the peaks for CO evolution suggested that -OH and carbonyl groups were those mainly present on the surfaces of all the carbons studied. The results of the TPD study of SO 2 evolution from the studied carbons ( Figure 4 ) are most interesting. A detailed analysis of the evolution of this gas performed recently ) for carbons of the D43 1 series suggested that the peak at ca. 570 K was caused by surface thiol (SH) groups (Koz owski et al. 2002) . Moreover, at least two additional peaks (located at 490 K and 600 K) were present for WD carbon. In fact, recently performed XPS and FT-IR measurements (Terzyk 2000a ) showed remarkable differences for this carbon relative to the situation with AHD and D43 1 carbons. It was suggested that this difference could be attributed to the presence of surface sulphonic groups and additional sulphoxide and or sulphone groups. Changes in the resistance of D43 1 carbons discussed previously led to the conclusion that surface thiols or sulphides behave as -electron donors [as, for example, -OH groups (Jankowska et al. 1991) ] and that their presence on a surface should lead to a decrease in the electrical resistance (R). In fact, resistance data presented recently suggested that this was lowest for the WD carbon. Moreover, a small peak observed recently at a pH value of ca. 7.0 on the distribution curves for surface acid-base groups for WD carbon confirms the presence of sulphur-containing surface groups. Consequently, the presence of sulphoxides would seem to explain the similar behaviour of these groups to carbonyl groups (i.e. pK value close to 7.0) observed previously. . TPD spectra for CO 2 evolution from the samples studied. The fit of the deconvoluted spectra (bold dashed line) to the experimental spectra ( ) is also shown, together with the spectra obtained by applying the deconvolution procedure (dashed lines). In the latter case, the Gauss function was applied. . TPD spectra for CO evolution from the samples studied. The fit of the deconvoluted spectra (bold dashed line) to the experimental spectra ( ) is also shown, together with the spectra obtained by applying the deconvolution procedure (dashed lines). In the latter case, the Lorentz function was applied.
Thermogravimetric studies Figure 5 shows the thermogravimetric spectra of the various carbons studied after phenol adsorption by the same. The spectra of the carbons as recorded before adsorption have already been published ) and have therefore been omitted from this report. A comparison of both types of spectra leads to the conclusion that the peak at ca. 360 K arose from the desorption of water. . TPD spectra for SO 2 evolution from the samples studied. The fit of the deconvoluted spectra (bold dashed line) to the experimental spectra ( ) is also shown, together with the spectra obtained by applying the deconvolution procedure (dashed lines). In the latter case, the Lorentz function was applied. Figure 5 . The thermogravimetric spectra of the carbons studied after the adsorption of phenol (from ethanol solution, Ar flow, heating rate 5 K min, flow rate 20 l min).
In fact, a recent TPD-MS study performed by Nevskaia and Guerrero-Ruiz (2001) also indicated a water peak over a similar temperature range (340-350 K). However, another peak appeared in this region after the adsorption of phenol on WD and AHD carbons. It is interesting to note that this peak was also observed in the recently reported spectra of D43 1-H 2 SO 4 and D43 1-NH 3 (i.e. for carbons possessing small amounts of surface lactones) . A peak at ca. 500 K appeared in the spectra of all the carbons studied. As a result of their studies of the thermogravimetry of phenols adsorbed on carbons, Magne and Walker (1986) concluded that peaks in the temperature range 353-600 K were caused by physically adsorbed phenol, while peaks in the range 623-1223 K could be attributed to chemically adsorbed phenol. It is well known that solid phenol melts at ca. 315 K and boils at ca. 455 K. Thus, the peak observed at ca. 500 K must be due to the boiling of phenol. A comparison of the spectra depicted in Figure 5 with those observed for the same carbons before phenol adsorption suggests that the peaks located above 650 K (this peak being clearly visible only for WD carbon; for all other carbons, this peak was diffuse and shifted to higher temperatures) arose from chemisorbed phenol. It has been shown previously with the D43 1 series carbons that the intensity of this peak was greatest for carbon modified with ammonia or sulphuric acid -in fact, for both carbons, the difference between adsorption determined under oxic and anoxic conditions was the greatest due to the smaller amount of surface lactones inhibiting the phenol polymerization process.
This peak was observed in the TG spectra if the amount of surface lactones present was smaller than ca. 9 10 5 mmol m 2 . As shown below, the amount of phenol chemically bound to the carbon surface is small. Hence, the absence of the peak at 650 K from the spectra of the D43 1 and AHD carbons resulted from the location of the surface-active centres responsible for phenol polymerization in small pores, thereby strongly binding the polymerization products. This subject needs further study and the TPD spectra after phenol adsorption should be recorded. This subject will be the subject of a future report.
The mechanism of the physical adsorption of phenol: adsorption isotherms and enthalpy measurement results
Figures 6-8 depict adsorption isotherms determined at both pH values and at all the temperatures studied. As in the case of paracetamol, adsorption at both pH values increased with increasing temperature [the exception being adsorption on the AHD carbon at higher equilibrium mole fractions, a similar behaviour having been observed for some carbons of the D43 1 series ]. However, in contrast to paracetamol adsorption, a decrease in the pH led to a strongly marked decrease in phenol adsorption on all the carbons studied (the same situation being observed for D43 1 series). Figures 6-8 also show that the temperature dependence of phenol adsorption was not so strongly marked as for the chemically modified D43 1 carbons . Hence, the temperature dependence of phenol adsorption must be related strictly to the number of surface functional groups present on the carbon surface. For adsorption on unmodified carbons, as reported here, adsorption did not change in such a drastic manner with temperature as for chemically modified surfaces since the number of surface groups was small.
At neutral pH values, the differences between the adsorption values determined on different carbons, i.e. the effect of the chemical composition of the carbon surface, decreased with increasing temperature. Indeed, at 320 K, the adsorption isotherms almost coincided for all the carbons studied.
As previously shown for paracetamol adsorption and for phenol adsorption on modified D43 1 carbons, the effect of the chemical composition of the surface layer at neutral pH was greatest at the lowest temperature studied (i.e. at 300 K -see Figure 6 ). It is also important to observe that a hysteresis loop was present on all the adsorption desorption isotherms measured at both pH values. This hysteresis loop was greater under acidic conditions. A detailed analysis of the adsorption curves led to the identification of differences in the isotherm shapes, viz. isotherms measured at neutral pH were more akin to the Freundlich type while the plateau was strongly marked at acidic pH values. A similar situation was observed for phenol adsorption on the D43 1 series carbons , with chemical modification of these carbons leading to larger differences between the shapes of the isotherms at the two pH levels studied. At neutral pH, where the effect of the chemical composition of the carbon surface layer was greater, the isotherms crossed at ca. x 1 0.0004. Up to this value, phenol adsorption at 300 K decreased in the order D43 1 WD AHD; above this equilibrium mole fraction, the largest adsorption was observed on the AHD carbon.
As mentioned above, adsorption decreased under acidic pH conditions with the largest value at 300 K being observed for the WD carbon over virtually the whole range of equilibrium mole fractions. Adsorption on the WD carbon predominated at 310 K, with no remarkable differences being observed at acidic pH values. All the isotherms coincided at the highest temperature studied and for adsorption at the neutral pH level, while adsorption on the D43 1 carbon was the smallest under acidic pH conditions.
As in the study performed recently for the D43 1 series carbons ), analysis of the phenol adsorption isotherms could be subdivided into three ranges covering infinite dilution, micropore filling and Freundlich isotherm behaviour.
Infinite dilution range: An analysis of the adsorbability as defined by Abe et al. (1979) was performed over this range. Table 1 lists the results obtained by data-fitting with a third-degree polynomial, following the method described earlier (Terzyk and Rychlicki 2000) . Such analysis led to an interesting conclusion about the mechanism of phenol adsorption at infinite dilution. The first authors to recognize that phenol adsorbability is influenced by the chemical composition of the carbon surface layer appear to have been Biniak and co-workers (1989). They concluded that 552 Artur P. Terzyk Adsorption Science & Technology Vol. 21 No. the presence of surface oxides led to a decrease in the adsorbability ( ) and searched (via nonlinear regression) for a relationship between and the concentration of different types of surface oxides. However, since they did not take account of the possibility that the presence of basic surface oxides could lead to a decrease in the adsorbability at low equilibrium concentrations, a linear correlation between and the concentration of surface oxides was only possible by applying a non-linear regression procedure. As observed previously for chemically modified D43 1 carbons, the decrease in adsorption values at low equilibrium concentrations for carbons modified with nitric acid and for one modified with ammonia suggests that the existence of some basic sites can lead to lower phenol adsorption and, in consequence, a lower value ( Figure 9 , Table 1 ). Figure 9 shows that a linear correlation existed between the average adsorbability of phenol calculated for the unmodified carbons studied in the present work (as well as for recently presented results for the D43 1 series carbons) and the total concentration of surface bases and carboxyl groups. A plot of the results tabulated in the paper of Biniak and co-workers (1989) seemed to show a similar tendency, any non-linearity observed in this case being caused by differences in the BET surface area values (they tabulated only BET areas calculated from benzene adsorption data and not from nitrogen as applied here; moreover, not all the carboxyl and basic surface groups present caused a decrease in the adsorbability).
From the data presented in Figure 9 , it is obvious that carboxylic groups, i.e. the most acidic, and some of the basic groups play the most prominent role in phenol adsorption at very small concentrations. Indeed, an analysis of the data presented leads to the following linear relationship between the average adsorbability and the concentration of surface bases and carboxyl groups:
(1) with a determination coefficient (DC) of 0.877.
Adsorption of Biologically Active Compounds on Commercial Unmodified Activated Carbons. Part V Figure 9 . The adsorbability of phenol ( ) at neutral pH as a function of the total concentration of surface basic and carboxyl groups. Data points: , results of current study; , data from the paper of Biniak and co-workers (1989) (the BET apparent surface area being calculated from the benzene adsorption data); dashed line, fit of current study data as analyzed using equation (1) For adsorption under acidic pH conditions (Figure 10 ), the adsorbability may be correlated with the value of the enthalpy of carbon immersion in water and the carbon resistance value [hence, with the total content of surface acidic groups and the pH at the zero point charge -see Figure 1 in Terzyk et al. (2003) ] by the relationships:
(2) with DC 0.889, and:
(3) with DC 0.657.
Consequently, at acidic pH values where, as shown recently, all carbons studied were below the pH of the point of zero charge, the more polar the surface of the carbon the lower is the adsorbability of phenol. Thus, it may be presumed that at infinite dilution and neutral pH, the positive surface charge resulting from the adsorption of protons by the strongest surface bases would lead to an increase in water adsorption and the blocking of some of the more active sites. A similar effect would arise from undissociated surface acidic groups. Hence, the presence of both types of groups would lead to a decrease in the phenol adsorbability compared to the situation with unmodified carbons (Figure 9 ).
Moreover, in the smallest micropores due to the specific location of the adsorbed molecules, it is possible that blocking of the pores can also contribute to the decrease in adsorbability. This effect is more pronounced at acidic pH values (where decreased for all the carbons studied) due to the decrease in the degrees of dissociation of the acidic groups on the surface and the adsorption of protons on to basic sites (i.e. the creation of positively charged hydrophilic sites). Hence, for the adsorption of phenol (and in contrast to the situation with paracetamol), a decrease in pH Calculated by fitting the function c a f(c), where c is the equilibrium phenol concentration and a is the adsorption, respectively, with a third-order polynomial: c a a 1 bc c 1 c 2 dc 3 . b DC is the determination coefficient showing the fit between the theoretical and experimental function c a f(c). c av is the average adsorbability calculated for the studied range of temperatures.
led to a decrease in adsorption for all the carbons studied. Differences between the two adsorbates therefore give rise to differences in their adsorption mechanisms, with surface bases playing a negative role in paracetamol adsorption as pointed out recently .
Micropore filling and Freundlich ranges: These ranges were explored in the current study by an application of the Dubinin-Astakhov (DA) model (1971) as adapted for phenol adsorption by Stoeckli and others (Stoeckli and Hugi-Cleary 2001; Stoeckli et al. 2001): (4) where N a is the adsorption and N am the maximum adsorption in the micropores, R and T are the gas constant and temperature, respectively, s is the affinity coefficient [which is equal to unity for phenol (Stoeckli and Hugi-Cleary 2001; Stoeckli et al. 2001) ], E 0s is the characteristic energy for phenol adsorption, and c eq and c s are the equilibrium phenol concentration and the saturation concentration, respectively, at temperature T. The following values of c s were employed for phenol in the current study: 0.8805, 0.9820 and 1.0835 mol l at 300, 310 and 320 K, respectively (Seidel 1941) . The molar volume of phenol is equal to 89 cm 3 mol (Stoeckli and Hugi-Cleary 2001) .
As mentioned above, some adsorption isotherms possessed strongly marked plateaux (as observed for the adsorption of paracetamol at virtually all temperatures studied and at both pH values) especially those determined at acidic pH (Figures 6-8 ). On the other hand, the disappearance of this plateau when the pH value was increased was evidently caused by the absence of acid, hence by changes in the degree of protonization of the carbon surface. Some authors have suggested that, depending on the relative concentration, the mechanism of phenol adsorption may be one of micropore filling with the corresponding isotherms conforming to type I of the IUPAC classification. The disappearance of the clearly marked plateau at neutral pH suggests that, in this case, not only micropore filling but also adsorption on active surface centres occurs, leading to changes in the shapes of the isotherms. In such cases, as shown by many authors, the Freundlich-type adsorption isotherm appears to describe the experimental data adequately. Regardless of the thermodynamic inconsistency of equation (4) (Toth 1994 (Toth , 1995 (Toth , 2002 , Stoeckli and co-workers have shown that it describes phenol adsorption data on a series of carbons over a relatively wide range of temperatures (Stoeckli and Hugi-Cleary 2001; Stoeckli et al. 2001) . Where the adsorption mechanism seems to be mixed with competition between a microporefilling process and strong adsorption on active surface centres, or where the second type of mechanism predominates, it seems reasonable to apply the Freundlich-type equation. Consequently, taking into account the competitive character of adsorption from solutions (Kipling 1965) : (5) where n 1 (n) is the amount adsorbed, x 1 s is the molar fraction of solute in the adsorbed phase and x 1 is the mole fraction of solute in the liquid phase. Garbacz and co-workers have developed a solution analogue of the Freundlich equation (Garbacz et al. 1990 (Garbacz et al. , 1991 . This was applied in a simplified form in the present study by assuming that equality exists between activities and concentrations for dilute solutions. Hence, this quasi-Freundlich (q-F) equation may be written (Garbacz et al. 1990 (Garbacz et al. , 1991 as: (6) where B F is a parameter. Moreover, it is obvious that differences in the molecular volumes of the components should be taken into account during the process of adsorption from solution (Garbacz et al. 1990 (Garbacz et al. , 1991 , i.e.:
where r (V s V l ) is the ratio of the molar volumes of solid and solvent (for the phenol-water system, r 4.91), and n s 1,0 is the number of moles of solid adsorbed by unit mass of an adsorbent in the absence of a solvent. The detailed procedure for fitting equations (5)-(7) to the experimental results is the same as that employed for the adsorption data of paracetamol, and has been described elsewhere .
Tables 2 and 3 list the results obtained from fitting equations (4)-(7) to the data obtained in the current study. Generally, the fit of the DA equation to the experimental results was better (and the range of fitting the relative concentrations wider) for data measured under acidic conditions, thereby confirming the suggestions made above. Also, at acidic pH values, the micropore volumes calculated applying the data from Table 2 were smaller than under neutral conditions. Reasonable values were obtained in all cases, although always smaller than the total micropore volumes calculated from nitrogen adsorption data. This arose from the adsorption of solvent and also from the blocking of some micropores due to differences in the molecular volumes of the components [equation (7)]. However, it is important to note that micropore volumes calculated from N am [equation (4)] could not be correlated with the micropore volumes calculated from low-temperature nitrogen adsorption data. On the other hand, it was shown recently for chemically modified D43 1 carbons that values of E 0s calculated at neutral pH values for temperatures of 300 K and 310 K were a function of the total concentration of surface carbonyl and basic groups. Unfortunately, the results for two Polish carbons did not lie on the same line and did not show the same tendency [ Figure 11 (A)]. It was also shown for the D43 1 carbon that the same correlation did not exist at the highest temperature studied (320 K), this being caused by the diminution of the effect of chemical composition of the carbon surface on the adsorption of phenol from solution at increasing temperature (the same effect was also observed for paracetamol).
The correlations obtained between E 0s and the concentration of surface functionalities showed that competition existed between micropore filling of the smallest micropores and adsorption on active sites located in larger micropores. This is why the shapes of the isotherms were mixed. Furthermore, at neutral pH, the range of applicability of the DR equation was not as wide as for data determined under acidic conditions where the basic groups had been neutralized by the addition of hydrochloric acid. Figure 11(B) shows how a decrease in the E 0s value [equation (4)] changed the shape of the adsorption isotherms. Terzyk et al. (2002) have suggested that such a change is connected with a change in the micropore-filling mechanism, with secondary micropore filling predominating as the characteristic adsorption energy decreases (n const. 4). Hence, Figure 11 (A) indicates that the carbonyl and basic groups on the surface of D43 1 carbon and active in phenol adsorption (dashed straight line) were mainly located in the larger micropores, an increase in their surface concentration favouring increasing adsorption in these pores. It can also be concluded from Figure 11 (A) that the value of E 0s determined for the AHD carbon was too small by ca. 3 kJ mol and, in contrast, too large for the WD carbon by ca. 2 kJ mol.
Hence, it is obvious that not only the number but also the location in the porous structure of the basic and carbonyl groups active in phenol adsorption determine the correlation depicted in Figure 11 (A). It seems probable that for WD carbon some of these groups were located in the smallest micropores, while they were located in the largest pores for AHD carbon and possibly in mesopores. This suggestion may be confirmed by the results obtained from an application of the q-F equation (Table 3 ). It is seen that for D43 1 carbons the values of n s 1,0 , determined from the phenol adsorption data obtained at the neutral pH and 300 K via application of equations (5)- (7), increased as the number of surface basic and carbonyl groups increased [ Figure 11 (A) -dashed curve]. For WD carbon, the values of n s 1,0 ,were too small due to the location of the basic and carbonyl groups in the smallest micropores, while for AHD carbon the values were evidently too large thereby confirming the suggestion that these groups were located in mesopores.
Worse correlations were obtained at 310 K and 320 K. This suggests that the numbers of basic and carbonyl groups present on the surface apparently determine the mechanism of phenol adsorption on carbons above x 1 0.0001 and at ca. 310 K. Furthermore, as observed in the adsorptions of paracetamol and phenol, there is a general tendency for the effect of the surface chemical composition to diminish as the temperature increases. Surface bases and carbonyl groups also play a leading role in the adsorption of paracetamol, as has been demonstrated elsewhere ). On the other hand, for adsorption on carbons where specific interactions can be neglected (e.g., the adsorption of non-polar molecules from the gaseous phase in carbon micropores), the value of the characteristic adsorption energy as determined from the DA equation is strictly related to the average micropore diameter. Thus, Figure 12 shows that a correlation exists between E 0s determined at 310 K and 320 K (neutral pH) and the average micropore diameter calculated employing the relationships proposed recently (the data for modified D43 1 carbons are also presented in the figure). For the adsorption of different vapours, it has been shown that the relationship between the characteristic energy of the DA adsorption isotherm equation and the average pore diameter must take account of the parameter n in the adsorption isotherm equation.
The best correlation between the average pore diameter calculated from benzene adsorption calorimetric measurements performed on the series of homogeneous microporous films and from the DFT method was obtained Kowalczyk et al. 2002c; Gauden and Terzyk 2002) using the relationship:
where d A is the diameter of an adsorbed molecule (0.3 nm for nitrogen, 0.459 nm for benzene) and a 1(mic) 24.1672, b 1(mic) 2.2709, a 2(mic) 0.9960, b 2(mic) 1.29 10 2 , a 3(mic) 0.8586 and b 3(mic) 1.2266.
Consequently, as the temperature increases, the effect of the chemical composition of the carbon surface on phenol adsorption decreases, and the characteristic energy of adsorption as determined from equation (4) becomes a function of the average micropore diameter. Taking the results depicted in Figure 12 into account, it seems not unreasonable to postulate that above 310 K the characteristic adsorption energy for the carbons studied (at neutral pH) is strictly related to the average micropore diameter. It should be noted that the data for the six different carbons studied lie on two parallel curves ( Figure 12 ) and hence the relationship between E 0s and x av has the following form:
with DC 0.800 for adsorption data determined at 310 K and 0.697 for the data measured at 320 K.
However, a similar relationship was not observed for adsorption under acidic conditions. Moreover, at such pH values (Table 2) , the value of E 0s decreased and was in the range 11-14 kJ mol. This arose from the interaction between protons and the -electrons of the basal carbon planes and also from 'screening' of the -electrons. The data listed in Table 2 also show that at neutral pH the values of E 0s varied within the range 11-28 kJ mol. Others have obtained similar values. For example, Barton and co-workers (1997) obtained values between 19 kJ mol and 22 kJ mol (the data obtained being described by the DR equation), Hsieh and Teng (2000) obtained values between 14.2 kJ mol and 15.9 kJ mol (again applying the DR equation) while Stoeckli and co-workers (2001) obtained values between 19.1 kJ mol and 30.5 kJ mol. As mentioned in the Introduction, many authors have suggested that the adsorption of phenol on microporous carbons (over different concentration ranges) occurs via a micropore-filling process, and the results of the current study also seem to confirm this hypothesis. However, as pointed out by Jankowska and co-workers (1986) , phenol adsorption is limited by the micropore volume of the carbons, with the actual position below this limit being determined by their acid-base characteristics. It would be interesting to establish as to which types of surface acidic groups are crucial and, for this reason, the author has tried to link the value of the micropore volume as determined from equation (4) with the physicochemical properties of carbons. Figure 13 shows that, at the neutral pH and at all temperatures studied, the maximum adsorption calculated via equation (4) decreased with increasing surface acidity. This is a fairly wellestablished fact suggested by many authors and first pointed out by Coughlin and Ezra (1968) . Since the value of E 0s at the two highest temperatures seemed to depend on the pore diameter, Figure 13 also suggests that the clustering of water molecules around hydrophilic centres located in the porous carbon structure and possibly blocking some pore entrances could Figure 12 . The fit between the average pore diameters for six different carbons calculated via equation (9) from nitrogen adsorption data obtained previously and the value of the characteristic energy for phenol adsorption. Data points: , adsorption at 310 K [fitting via equation (9) gave a DC 0.800]; , adsorption at 320 K [fitting via equation (9) gave a DC 0.697]. It should be noted that no correlation was observed at 300 K due to the strong influence of the chemical composition of the surface on phenol adsorption. Figure 13 . The correlation between the maximum adsorption of phenol at neutral pH via a micropore-filling process [as calculated from equation (4)] and the total concentration of surface acids (and the value of the enthalpy of immersion of carbon in water). Triangles correspond to data for 310 K; diamonds correspond to data for 320 K. be responsible for this effect. The same correlation was found when the enthalpy of immersion of carbon in water ( Figure 14 ) and or the resistance (R) of the carbons (Figure 15 ) was considered. This is not unexpected since it has been shown recently ) that the value of R for the carbons studied depends on the total concentration of surface acidic groups, and that the latter determines the value of the enthalpy of carbon immersion in water (Terzyk and Rychlicki 2000) .
As concluded above from the data depicted in Figure 11 , the surface oxides interacting with phenol molecules are mainly located in the wider micropores (WD carbon being an exception). Thus, the increase in the value of R caused by the incorporation of polar surface oxides leads to a decrease in the density of the -electrons in the basal planes associated with the smallest micropores (where primary micropore filling occurs), the driving force for adsorption being the increase in the adsorption potential (relative to that for a 'flat' surface). This effect leads to an increase in the hydrophilicity of the smallest pores and water adsorption occurs to an increased extent in these micropores, also leading to a decrease in the N am value. The same correlations as observed for adsorption under neutral pH conditions, i.e. between the maximum adsorption as determined from equation (4) and the total concentration of acidic surface groups (Figure 14) (and the resistance - Figure 15 ), were observed for adsorption under acidic conditions. This observation confirms that the acidity of the carbon surface has the same influence on the mechanism of phenol adsorption at both pH values.
Independent confirmation of the important role played by the surface chemical composition in phenol adsorption, together with some additional information, may be obtained from an analysis of the enthalpy results. Since integral values are considered, it should be emphasized that these are 'averaged' values illustrating the global energetics of the adsorption process. Figure 16 shows that, as for paracetamol adsorption, the relative enthalpy of phenol adsorption was a similar function of the total concentration of surface bases . This confirms the statement that interactions of both adsorbates with surface basic groups are the major factors influencing the Figure 14 . The correlation between the maximum adsorption of phenol at acidic pH via a micropore-filling process [as calculated from equation (4)] and the total concentration of surface acids (and the value of the enthalpy of immersion of carbon in water). Squares correspond to data for 300 K; triangles correspond to data for 310 K; diamonds correspond to data for 320 K. (4)] and the resistances of the carbons studied. Squares correspond to data for 300 K; triangles correspond to data for 310 K; diamonds correspond to data for 320 K. mechanism of adsorption from solution. Figure 17 shows that the integral enthalpy of adsorption of paracetamol was a function of the total concentration of surface bases, whereas for phenol this depended on the concentration of surface bases and carbonyl groups present. At acidic pH values, the integral enthalpy for paracetamol adsorption was a function of the total concentration of surface carbonyl groups (Figure 18 ), thereby confirming the mechanism previously proposed for the adsorption of this molecule. For phenol, this enthalpy depended on the concentration of surface bases and carbonyl groups (as observed at neutral pH).
This leads to the conclusion that, at acidic pH values, the decrease in phenol adsorption (compared to that determined at neutral pH) also arose from competition between protons and phenol molecules for adsorption on surface basic sites. This may be confirmed by the data depicted in Figure 19 , which indicate that over the quasi-Freundlich range of the adsorption isotherms (acidic pH, T 300 K) the largest adsorption was observed for carbon D43 1-HNO 3 , i.e. the carbon possessing the smallest value of the double-layer capacity, B, determined at this pH among the carbons studied [such values of B have been published previously -see Table 3 in Terzyk et al. (2003) and also in ].
As a summary of this part of the present study, Figure 20 depicts the three stages observed in the adsorption isotherm for phenol on carbon together with the main factors determining the adsorption mechanism. The factors influencing the mechanisms of phenol adsorption on chemically modified carbons (and considered for unmodified carbons in this study) are also shown.
The irreversible adsorption of phenol
Many authors have studied the irreversible adsorption of phenol. Of these, the widest (and pioneering) was conducted by Grant and King (1990) and more recently by Vidic and co-workers (1997). In their paper, Grant and King pointed out that the products of phenol oxidation reactions 564 Artur P. Terzyk Adsorption Science & Technology Vol. 21 No. 6 2003 Figure 16 . The correlation between the relative enthalpy of immersion and the concentration of surface bases for the adsorption of phenol and paracetamol on the six carbons studied. 7)] on the double-layer capacity (B) for phenol adsorption at 300 K under acidic pH conditions. Note that the presence of acid was not taken into account in the calculations in this case and a generally poor fit of the model to the experimental data was observed (see data in Table 3 ). usually include dimers and higher polymers. In most cases, oxidation involves the removal of a hydrogen atom from each phenol molecule leading to the formation of intermediate radicals that join together via carbon-carbon bonds at positions ortho and or para to the hydroxy groups. Less frequently, carbon-oxygen linkages are also formed. The various experimental factors influencing the mechanisms of the irreversible adsorption of phenols were summarized by them as: (i) the oxidation of carbons decreases the irreversibility of the process, suggesting that phenolic groups on the surface promote such irreversibility; (ii) the relatively high activation energy for polymerization could explain the effect of temperature; and (iii) differences in this energy for different carbons could explain why the irreversibility is only observed sometimes.
Garten and Weiss (1957) proposed that molecular oxygen can add to olefinic bonds associated with quinone groups to form peroxides. A peroxide group could then accept an electron from a quinone group, resulting in a univalent peroxide anion radical and a semiquinone radical. A second electron could then be accepted by the peroxide radical from a second quinone group allowing it to split off as a peroxide anion. Such peroxide anions would protonate in a protic solvent to yield hydrogen peroxide. Phenolic compounds can react with hydrogen peroxide and with surface radicals to form phenoxy radicals that subsequently couple.
It is also possible that phenol molecules or phenoxy radicals may react with active sites on a carbon surface and, as a consequence, be bound covalently to the surface.
In the current study, a detailed analysis of the irreversibility of phenol adsorption has been undertaken based on the results of an analysis of the extent of hysteresis in the adsorption desorption isotherms, as well as on differences between adsorption determined under oxic and anoxic conditions. Thus, the average differences between the desorption and adsorption values were calculated for each adsorption desorption isotherm. Subsequently, the average values for all three temperatures were calculated and analyzed. As pointed out above, greater hysteresis on the adsorption desorption isotherms was observed under acidic conditions. Figure 21 shows that the average hysteresis at neutral pH increased with an increase in the content of surface carbonyl and lactone groups. Hence, in this case, hysteresis may be the result of the creation of strong donor-acceptor complexes between phenol molecules and CO groups, as suggested by co-workers (1969, 1971 ) and by others (Bhatia et al. 1990 ) (also confirmed by the kinetic studies presented below). Previously published results suggested that the hysteresis was larger at acidic pH values because of the occurrence of an additional effect connected with porosity. In the case of the D43 1 carbons, it was shown that the smaller the micropores present in the system, the larger the hysteresis observed. This arose from the blocking of some micropore entrances with adsorbed phenol molecules, probably by ions forming the electrical double layer. Figure 21 shows that the hysteresis value observed at acid pH could also be correlated with the value of the enthalpy of immersion of carbon in HCl solution. Figure 22 shows the differences between adsorption determined under oxic and anoxic conditions at both pH values (as averaged from at least two measurements). It can be seen that the decrease in pH led to a decrease in the differences -the same effect having been observed by Grant and King (1990) . This raises the question as to what factors were responsible for the increase in phenol adsorption observed under oxic conditions relative to that under anoxic conditions. Figure 23 shows the results of measurements of the carbon resistance at different temperatures [those determined at 300 K have been published recently ]. Application of a linear approximation (the dashed lines in Figure 23 ) allowed the values of dR dT to be calculated. Figure 24 shows that, of the various surface functionalities present, those groups assigned by Boehm's titration method as 'lactones' had the greatest influence on the temperature dependence of the resistance (i.e. on the dR dT values). In fact, it is well known that these groups cause a decrease in the electronic work function (Weiss 1963; Strelko et al. 1983; Lukaszewicz et al. 1982; Szymański 1991) .
Thus, at the neutral pH, the difference between adsorption under oxic and anoxic conditions must be a function of the concentration of surface 'lactones' (Figure 24) . The larger the concentration of 'lactones', the smaller the irreversibility of phenol adsorption. Consequently, such surface 'lactones' are responsible for both the increase in irreversibility of phenol adsorption via creation of strong bonds with adsorbed molecules, as well as a decrease in the difference between adsorption under oxic and anoxic conditions. Under acidic conditions, the difference between adsorption under oxic and anoxic conditions depends on the potential response of the carbon [for values of E s determined at a pH value of 1.5, see Table 1 in Terzyk et al. (2003) or Table 1 in ]. Figure 25 shows that the larger the value of this response, the smaller is this difference. On the other hand, the same figure also shows that the potential response was a function of the concentration of active carboxyl, phenolic and basic groups, thereby explaining why this was least for the unmodified carbons. Hence, the lower the ability of carbon to adsorb ions on its surface, the larger the difference between adsorption determined under oxic and anoxic conditions.
On the basis of the observations reported above as well as results published by others, it is possible to propose a mechanism for phenol polymerization. Previously published data for paracetamol adsorption showed that differences were observed in the FT-IR and UV-vis spectra of the initial paracetamol solutions and of those equilibrated with acidic carbon solutions. On this basis, it was suggested that the polymerization process occurs via a 'head-to-tail' mechanism. However, no such spectral differences were observed for phenol solutions before and after adsorption. Hence, in the author's opinion, this implies that the phenol molecule is bound to the surface via chemical bonds. Vidic and co-workers (1997) recently published the results of very important studies on the irreversible adsorption of phenols. They showed that an increase in the temperature of carbon outgassing increased the extent of the irreversible adsorption of chlorophenol. This effect was observed only up to 1173 K; for carbons outgassed at 1473 K, a decrease in the irreversible adsorption of phenol was observed. The molar ratio of oxygen consumed during the irreversible adsorption to the amount of irreversibly adsorbed material also increased with an increase in the desorption temperature (the authors only tabulated data up to 1173 K). Other interesting results indicated that carbon immersed in water and exposed to a headspace of pure oxygen in order to enhance the oxygen-containing surface functional group content exhibited a very similar oxic and anoxic adsorptive capacity to the virgin carbon, but a lower irreversible adsorption of chlorophenol relative to the carbon desorbed at the same temperature but immersed in water with chlorophenol. They stated that these findings clearly indicated that both the adsorption capacity and irreversible adsorption were influenced by the presence or absence of surface functional groups but not by other outgassing effects such as pore destruction, evolution of impurities, or benzoid ring size.
Irrespective as to whether the above suggestions concerning the mechanisms for the irreversible adsorption of phenols are correct, it is obvious that the experimental results demonstrate the unquestionable role of oxygen in the mechanism for the irreversible adsorption of phenols on carbon. Important studies on the mechanism for the interaction of oxygen with carbons in solutions of different pH were undertaken by Zawadzki and Biniak (1988) . On the basis of FT-IR spectroscopic measurements, these workers suggested that superoxo ions are formed in the first step of oxygen adsorption on the carbon surface (Biniak 1982; Zawadzki and Biniak 1988) . The existence of this ion on the carbon surface has been confirmed independently by others [see, for example, ]. Such ions undergo further rearrangement on the carbon surface to form a number of surface oxygen compounds. In an aqueous acidic solution, the formation of this ion depends on the pH of the solution and is different for different carbons. Thus, it is proposed that the following steps can describe the irreversible adsorption of phenol: where n lies in the range 1-17 as shown by Grant and King (1990) from mass chromatograms of the products of phenol polymerization. The higher the mass of the polymer, the lower its abundance. The proposed mechanism confirms data presented by Loughlin and co-workers (1996) who found that the reaction between phenol and oxygen was first order. They explained this result as follows. The molecules of both oxygen and phenol diffuse to the surface of the carbon and are adsorbed. Reaction occurs at the carbon surface and is catalyzed by the surface. If the order is assumed to be first, dissociation of the oxygen molecules occurs before reaction with phenol [equation (12) -this stage is very slow (Biniak 1982) ]. In contrast, if the order is second [equation (13)], the adsorbed oxygen molecules react directly with the phenol molecules. Hence, the mechanism for the irreversible adsorption of phenol, described by equations (10)-(16), is determined by the presence of free radicals on the carbon surface.
Voudrias and co-workers (1987) studied phenol oxidation by HOCl on a carbon surface. They claimed that surface free radicals, produced by the oxidation of carbon with HOCl, enter the radical chain reactions and produce the observed oxidation products. They also identified polymeric phenols in the oxidation products. The authors pointed out the well-known fact that outgassing carbon at high temperatures results in a reduction in the concentration of surface oxygen and free radicals, and hence the ability of carbon to promote surface reactions. Many authors have shown that the concentration of radicals depends very much on the temperature of carbon desorption. Mrozowski and co-workers (1968 Mrozowski and co-workers ( , 1979 Mrozowski and co-workers ( , 1988a and Mrozowski and Gutsze (1977) together with others (Milsch et al. 1968; Orzeszko and Yang 1974; Miller and McKenzie 1983; Orzeszko et al. 1984) have shown that the variation of the spin concentration with the heat-treatment temperature (HTT) depends on the type of carbon material studied and increases with HTT over the range 570-970 K. According to Collins and co-workers (1959) , the unpaired electrons in carbons are mobile -electrons stabilized by the resonance energy of the condensed aromatic ring structure (Kinoshita 1988) . The sites responsible for the adsorption of oxygen and the formation of O l 2 radicals are the same as those reacting with nitric acid or fuming sulphuric acid to generate surface lactones. This is why the difference between adsorption under oxic and anoxic conditions decreases with increasing concentration of surface lactones. In fact, Biniak (1982) suggested the possibility of the formation of surface carbonyl-containing groups as a product of the reaction between superoxo ions and the carbon surface. The dependence between the potential response and the difference in adsorption under oxic and anoxic conditions at acidic pH values can be explained by competition between oxygen molecules and ions present in solution during adsorption.
Kinetics of phenol adsorption
The results of the kinetic measurements undertaken in the present study are depicted in Figures 26-31 . With phenol, as for paracetamol, the results of batch-test measurements obtained at acidic pH values were difficult to interpret. This was due to the acid present in the system neutralizing the basic surface groups and adsorbing in the pores (moreover, irreversible adsorption occurred).
As for adsorption studies, the largest differences between the kinetic curves determined for the carbons studied (and hence the rates of adsorption) were observed at the lowest temperature employed, i.e. 300 K. For all the cases studied, the differences in the rates of adsorption were due to differences in the values of the effective diffusion coefficients. These coefficients were calculated from analytical solutions of Fick's law of diffusion (Crank 1975; Shmidt et al. 1997) following the procedure described earlier (Terzyk 2000; Gauden 2001, 2002) , comparisons with those calculated for adsorption at neutral pH being shown in Figures 32-34 . Next, following the procedure described previously , the author attempted to estimate the contributions of surface and pore diffusion to the effective value. Different methods are available to deal with this problem, some having been reviewed recently by Do (1998) . The simplest is based on the following procedure. It is well known that if surface diffusion dominates the transport process, the effective diffusion coefficient (D e ) should be approximately equal to the surface diffusion coefficient (D surf ) (Do 1998), i.e.:
where t 0.5 is the time necessary for half-saturation, E c is equal to 0.0631 for cylinders and R is the radius of intersection of a cylinder. Two equations applied previously for describing the kinetic curves of paracetamol were used to determine the value of t 0.5 . The first of these is that proposed by Korta and co-workers (Kaw cka et al. 1961; Kipling 1965): (18) while the second was that modified by the author The times necessary for 40%, 50% and 90% saturation were calculated from equation (19) to show the differences between the systems studied.
where a and a max are the adsorption and maximum adsorption (measured at infinite time), t is the time at which k 0.5 t 0.5 , and A, b and k 1 are constants. Table 4 shows the results of these calculations, and it can be concluded that the modified equation [equation (19)] described the data better that that originally proposed by Korta [equation (18)]. Hence, the values of t 0.5 were calculated from equation (19) and applied for calculations of D e employing equation (17). As previously, the average D e values were calculated in each case and compared with those obtained from equation (17). Figure 35 shows that the differences between the values of D e increased with increasing temperature, being larger than those reported recently for paracetamol. Hence, it may be postulated that over the temperature range 300-320 K, the overall diffusion process of phenol molecules on to the carbons studied was a mixture of surface and pore diffusion.
The diffusion energy was calculated from the temperature dependence of D e as previously. For all the unmodified carbons studied, this energy decreased relative to that determined at neutral pH (by ca. 9-13 kJ mol). Figure 36 shows that the energy of phenol diffusion at neutral pH increased with increasing content of surface bases, carbonyl and lactone groups as:
with DC 0.823, thereby confirming the leading role of these groups in the adsorption mechanism proposed above.
For adsorption at acidic pH values, this energy seemed to correlate with the value of the doublelayer capacity B (pH 7). As can be seen from Figure 37 , this capacity depends on the difference between the concentration of surface acidic and basic sites. This suggests that the energy of phenol diffusion at acidic pH decreased strongly for carbon. The latter strongly adsorbed protons under these conditions and thereby diminished the interactions between the phenolic -OH group and the basic sites on the carbon surface. 
CONCLUSIONS
A recent study of adsorption on D43 1 carbons ) showed that -interactions and 'donor-acceptor complex' formation were not the only factors determining the mechanism of phenol adsorption. A third, very important, factor is the adsorption of solvent. This is usually neglected, due to the limited adsorption of water on carbons. However, this factor should be taken into account as it strongly modifies the adsorption properties of carbons towards organics. The effect of the chemical composition of the carbon surface on the adsorption of paracetamol and phenol decreased with increasing temperature. This was brought about not only by the influence of temperature on solvent adsorption, but also by the change in the degree of hydration of the solute molecules. The facility of carbons to adsorb water, together with the change in the energy of solute-solvent interactions with increasing temperature, changed the general mechanism of phenol adsorption quite drastically. This ability seems to be the leading factor balancing the equilibrium between -interactions and 'donor-acceptor complex' formation. Analysis of the three stages in the mechanism of phenol adsorption on porous carbons, i.e. adsorption at infinite dilution, micropore filling and adsorption in larger micropores and mesopores, led to the following conclusions. At infinite dilution, a linear correlation existed over the temperature range 300-320 K between the average phenol adsorbability calculated for six different carbons and the total concentration of surface bases and carboxyl groups [the corresponding linear relationship was developed as equation (1)]. Moreover, the data tabulated by other authors seemed to show a similar tendency. Hence, it is obvious that carboxyl groups, i.e. the most acidic, and some of the most basic groups cause a decrease in phenol adsorption at very small concentrations.
For adsorption at acidic pH values, adsorbability may be correlated with the value of the enthalpy of carbon immersion in water [and, hence, with the total content of surface acidic groups and the pH value at the zero point charge -equation (2)]. Consequently, at acidic pH values, the greater the polarity of the carbon surface the lower adsorbability of phenol. Hence, at infinite dilution and neutral pH, this leads to the presumption that the positive surface charge resulting from the adsorption of protons by the strongest surface bases leads to an increase in water adsorption (compared to the unmodified carbon) and the blocking of some of most active sites adsorbing phenol ('solvent effect'). Undissociated surface acidic groups cause the same effect, and both lead to a decrease in the extent to which phenol is adsorbed relative to the situation with D43 1-pure carbon. Moreover, pore blocking by phenol molecules may also contribute to a decrease in adsorption after modification. This effect is more pronounced at acidic pH values because of the decrease in the degrees of dissociation of the surface acids and the adsorption of protons. Thus, for phenol adsorption, a decrease in pH for the carbons studied led to a decrease in adsorption, with the adsorbability being a linear function of the carbon resistance [equation (3)].
Over the range where adsorption occurred in micropores, correlations were found between E 0s as determined by equation (4) and the concentration of surface functionalities. These showed that competition existed between filling of the smallest micropores (where the -interactions are reinforced by enhancement of the adsorption potential on a 'flat' surface) and adsorption on active sites located in the larger micropores (donor-acceptor formation). This explains why the isotherm shapes were mixed, especially with chemically modified carbons ) and why the range of applicability of the DA equation was not as wide at neutral pH as observed for the data determined under acidic conditions. The decrease in E 0s led to a change in the isotherm shape. Current knowledge suggests that such a change was connected with a change in the micropore-filling mechanism, with secondary micropore filling predominating since the characteristic adsorption energy decreased (at constant n). Furthermore, the results present in this paper showed that the location of the carbonyl and basic groups active in phenol adsorption (via donor-acceptor formation) was also very important. The concentration of surface bases and carbonyl groups seemed to determine the mechanism of phenol adsorption on carbons at temperatures below 310 K, with the general tendency observed for paracetamol and phenol adsorption on the studied carbons being that an increase in temperature led to the disappearance of the effect of surface chemical composition on adsorption. Thus, at the highest temperatures examined, a correlation existed between E 0s (as determined at 310 K and 320 K under neutral pH conditions) and the average micropore diameter calculated using the relationships proposed recently. Hence, it was possible to develop the new relationship between E 0s and the average pore diameter for phenol adsorption [equation (9)].
The results presented here also demonstrated that the existence of a 'solvent effect' explains why some authors have suggested that phenol adsorption is mainly controlled by the porous structure whereas other have not, and why there was no correlation between phenol uptake and the total surface area of the carbons.
At neutral pH and for all temperatures studied, maximum adsorption in the micropores decreased with increasing surface acidity with differences in micropore volumes generally decreasing with increasing temperature. This was undoubtedly caused by the decreasing ability of carbon to adsorb water with increasing temperature (the 'solvent effect').
Decreasing phenol adsorption after oxidation is quite well established and has been commented upon by many authors, having first been pointed out by Coughlin and Ezra (1968) . Again, the same correlation was observed if the value of the enthalpy of immersion of carbon in water and or the carbon resistance (R) was considered. It has been shown recently that the value of R for the studied carbons depends on the total concentration of surface acidic groups, and that the latter determines the value of the enthalpy of carbon immersion in water. As shown and concluded above, the surface oxides interacting with phenol molecules were located in wider pores (although for WD carbon they were located in the primary microporous structure). Thus, the increase in the value of R value brought about by the incorporation of polar surface oxides led to a decrease in the density of -electrons associated with the basal planes of the smallest micropores (where primary micropore filling occurred), where the adsorption driving force increased the adsorption potential relative to the situation for a 'flat' surface. This caused the smallest pores to be more hydrophilic so that solvent adsorption increased in such micropores, again leading to a decrease in the value of N am (the 'solvent effect').
The same correlations (resistance, value of the enthalpy of immersion in water) as those observed for adsorption at neutral pH values were observed between the maximum adsorption in the micropores and the total concentration of acidic surface groups when adsorption was conducted at acidic pH levels. This observation confirmed that the surface acidity of the carbon exerted the same influence on the mechanism of phenol adsorption at both pH values.
As pointed out above, the extent of hysteresis on the adsorption desorption isotherms was larger at acidic pH values. At neutral pH, the average hysteresis increased as the content of surface carbonyls and lactones increased. This provided proof for the occurrence of a 'donor-acceptor' effect. Thus, in this case, hysteresis resulted from the creation of strong donor-acceptor complexes between the phenol molecules and CO groups, as suggested by Mattson and co-workers and by others (and also confirmed by the kinetic studies). Hysteresis was larger at acidic pH values because of the occurrence of an additional effect connected with porosity, i.e. the smaller the micropores present in the system, the larger the extent of hysteresis. This was caused by the blockage of some of the entrances to micropores by adsorbed phenol molecules, probably by the ions forming an electrical double layer. In fact, as shown above, the value of n s 1,0 determined at acidic pH and 300 K depended on this capacity.
From the results of thermal analysis, as well as adsorption differences under oxic and anoxic conditions, it was concluded that although the extent of phenol polymerization on the carbons studied was small it could not be ignored. Comparison of the results presented in this study with those published recently for D43 1 carbons showed that if the amount of surface 'lactones' (as determined by Boehm titration) was smaller than ca. 9 10 5 mmol m 2 , a peak corresponding to irreversibly adsorbed phenol was observed in the TG spectra The degree of the polymerization depended on the presence of surface 'lactones', i.e. groups causing a decrease in the work function of the electrons.
The fact that the surface concentration of the same groups influenced the temperature changes in the carbon resistance, as well as analysis of the experimental data obtained by other authors, allowed a mechanism to be proposed for the surface polymerization of phenol. It was postulated that the formation of superoxo radicals was the main stage in this mechanism [equations (10)- (16)]. Donor-acceptor complex formation between surface carbonyls and lactones and phenol molecules made an additional contribution to adsorption irreversibility as confirmed by an analysis of the kinetic data presented here [equation (20)].
